Abstract: Two-dimensional transition metal dichalcogenides, such as tungsten disulfide (WS 2 ), have been actively studied as suitable candidates for photocatalysts due to their unique structural and electronic properties. The presence of active sites at the edges and the higher specific surface area of these materials are crucial to the photocatalytic activity of the hydrogen evolution reaction. Here, WS 2 quantum dots (QDs) have been successfully synthesized by using a combination of grinding and sonication techniques. The morphology of the QDs was observed, using transmission electron microscopy and an atomic force microscope, to have uniform sizes of less than 5 nm. Photoelectrochemical (PEC) measurements show that the current density of WS 2 QDs under illumination is almost two times higher than that of pristine WS 2 . Furthermore, these high-quality WS 2 QDs may have various applications in optoelectronics, solar cells, and biomedicine.
Introduction
Photoelectrochemical (PEC) water splitting, which consumes continuous supplies and generates hydrogen, is considered to be an excellent engineering technique to obtain energy and solve environmental issues in the future. However, the scarcity and high cost of platinum severely limit the application of traditional high-performance platinum-based catalysts. New-generation materials with high photocatalytic activity and low cost have to be developed as alternatives. Since the discovery of graphene, 2D materials, such as tungsten disulfide (WS 2 ) and other transition metal dichalcogenides (TMDCs), have drawn a great deal of interest due to their attractive physical and electronic properties [1] [2] [3] . It is reported that the hydrogen binding energy of MoS 2 is close to that of Pt-group metals, thus hinting at potential applications of other TMDCs in photocatalytic HER [4] [5] [6] [7] [8] [9] . Both computational and experimental results have confirmed that the photocatalytic activities of XS 2 (X could be other transition metals, such as W) mainly stem from the edges rather than the basal planes [10, 11] .
Quantum dots (QDs), with lateral sizes of less than 10 nm, usually exhibit unique electrical/optical behaviors from those of nanosheets or bulk materials [12, 13] . Such QDs could provide abundant active edges and large specific surface areas, as well as quantum confinement, thus possibly promoting the photocatalytic activity. The layered structure of WS 2 is formed by unit S-W-S atomic trilayers through weak van der Waals interactions. Such a structure made it possible to obtain few-layer nanosheets and even QDs from the bulk form by exfoliation. Zhang et al. presented a combination of grinding and sonication techniques to prepare TMDC QDs from their bulk crystals [14] . Similar exfoliation in aqueous solution instead of organic solvents has also been reported [15] . However, defect-free WS 2 has been difficult to obtain, and imperfections including sulfur vacancy defects and oxidized impurities may strongly affect the transport properties of the materials [16, 17] . In our previous work, we have developed a facile low-temperature thiol chemistry route to repair the sulfur vacancies and improve the electrical properties [18] [19] [20] . Such a route may hinder the photo-generated electron-hole recombination and improve the photocatalytic activity.
In this work, WS 2 QDs were synthesized by a facile ultrasonication method from hydrothermal synthesized WS 2 powders, as shown in Figure 1 . Further sulfuration was applied in order to reduce the amount of defects and improve the electrical properties of WS 2 . Various characterizations confirmed the uniform morphology and properties of the quantum dots. Our results demonstrate that QDs with higher specific surface area and better electric conductivity can lead to better PEC activity for water splitting to produce hydrogen under visible light irradiation.
Catalysts 2017, 7, 18 2 of 10 obtain few-layer nanosheets and even QDs from the bulk form by exfoliation. Zhang et al. presented a combination of grinding and sonication techniques to prepare TMDC QDs from their bulk crystals [14] . Similar exfoliation in aqueous solution instead of organic solvents has also been reported [15] . However, defect-free WS2 has been difficult to obtain, and imperfections including sulfur vacancy defects and oxidized impurities may strongly affect the transport properties of the materials [16, 17] . In our previous work, we have developed a facile low-temperature thiol chemistry route to repair the sulfur vacancies and improve the electrical properties [18] [19] [20] . Such a route may hinder the photogenerated electron-hole recombination and improve the photocatalytic activity. In this work, WS2 QDs were synthesized by a facile ultrasonication method from hydrothermal synthesized WS2 powders, as shown in Figure 1 . Further sulfuration was applied in order to reduce the amount of defects and improve the electrical properties of WS2. Various characterizations confirmed the uniform morphology and properties of the quantum dots. Our results demonstrate that QDs with higher specific surface area and better electric conductivity can lead to better PEC activity for water splitting to produce hydrogen under visible light irradiation. 
Results and Discussion

Morphology and Structure
Atomic force microscopy (AFM) and transmission electron microscopy (TEM) were used to measure the morphology of WS2 QDs. Three QDs in nearly a straight line were characterized by AFM, as shown in Figure 2a ,b. The heights of the QDs were mostly 2.5-4.0 nm, corresponding to three to five single layers of WS2 [13, 21] . Figure 2c shows a TEM image, showing uniform WS2 QDs with an average size of ~3 nm. As shown in Figure 2d , a lattice spacing of about 0.21 nm can be indexed to (104) planes of the WS2 crystal [21] . For comparison, the morphology of WS2 consisting of large-scale and stacked layers was also characterized, as shown in Figure 2e ,f. Such a small size of QDs could provide more active edges for photocatalytic activity. 
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X-ray Photoelectron Spectroscopy
XPS (X-ray photoelectron spectroscopy) spectra, shown in Figure 3 , confirmed the chemical composition of the WS2 QDs. Figure 3a shows the typical survey spectrum of WS2 QDs. The full XPS spectrum of the products yielded an S/W ratio of 1.95, corresponding to the basis of WS2. Here, the presence of C, W, S, and O was observed. The peaks of 4f-level W atoms that correspond to a +4 valence state bound (WS2) are presented in Figure 3b . By multiple-peak separation, the bands at 31.7, 33.8 and 37.3 eV are assigned to W 4f7/2, W 4f5/2 and W 5p3/2, respectively. However, the band at 35.2 eV may be ascribed to the existence of residual WO3. S peaks (2p3/2 at ~161.2 eV and 2p1/2 at ~162.4 eV) in Figure 2c are attributed to the −2 valence state of S atoms. Our XPS results agree well with the reported values in our previous work [20, 22] , showing that QDs have the same chemical composition as the bulk materials. 
XPS (X-ray photoelectron spectroscopy) spectra, shown in Figure 3 , confirmed the chemical composition of the WS 2 QDs. Figure 3a shows the typical survey spectrum of WS 2 QDs. The full XPS spectrum of the products yielded an S/W ratio of 1.95, corresponding to the basis of WS 2 . Here, the presence of C, W, S, and O was observed. The peaks of 4f-level W atoms that correspond to a +4 valence state bound (WS 2 ) are presented in Figure 3b . By multiple-peak separation, the bands at 31.7, 33.8 and 37.3 eV are assigned to W 4f 7/2 , W 4f 5/2 and W 5p 3/2 , respectively. However, the band at 35.2 eV may be ascribed to the existence of residual WO 3 . S peaks (2p 3/2 at~161.2 eV and 2p 1/2 at~162.4 eV) in Figure 2c are attributed to the −2 valence state of S atoms. Our XPS results agree well with the reported values in our previous work [20, 22] , showing that QDs have the same chemical composition as the bulk materials. 
Optical Properties
Raman and UV-vis (ultraviolet-visible) spectroscopy were carried out to identify the differences between the QDs and bulk materials. As shown in Figure 4a , the Raman peaks observed at 353 cm −1 and 418 cm −1 correspond to the E 2g and A 1g modes of WS 2 , respectively [23] [24] [25] . There was almost no difference between the peak positions of the three samples. However, the peak intensity of QDs is obviously reduced. This may be caused by the absence of layer-layer interactions, with an increase of the dielectric screening which reduces the long-range Coulomb interaction between the effective charges and thus reduces the overall restoring force on the atoms [26, 27] . Figure 4b shows the UV-vis spectrum of the original WS 2 , sulfuration-treated WS 2 and treated WS 2 QDs. There was no obvious absorption peak for the original WS 2 , which may be caused by defects. After sulfuration, distinct peaks can be observed at around 450 nm and assigned to the direct transition from the deep valence band to the conduction band. The peaks at around 660 nm can also be attributed to the K point of the Brillouin zone [28] . In terms of the QDs, the whole absorption spectrum was enhanced as compared with treated WS 2 . This result reveals that the as-prepared WS 2 QDs may have better optical properties than the bulk materials.
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Based on the morphology and optical characterization, our samples were then explored as photocatalysts for HER. PEC activity was measured using a standard three-electrode electrochemical configuration combined with Xe illuminant (Figure 5a ) in 0.5 M sodium sulfate (Na 2 SO 4 ) solution with a scan rate of 10 mV/s [5, 29] . As shown in Figure 5b , when the applied voltage was slowly increased from 0.2 V to −0.5 V, the empty ITO (Indium tin oxide) curve (green) was almost a straight line. All the WS 2 , sulfuration-treated WS 2 and QD electrodes showed a cathodic current corresponding to the hydrogen evolution, while the current density of the QDs (blue curve) was enhanced more rapidly than that of bulk WS 2 . These results may arise from two factors: (1) the WS 2 QDs have more active edge sites and surface area for PEC than the nanosheets or bulk materials; (2) the sulfuration processing has significantly removed the sulfur vacancies and improved the interface, consequently causing a better photoelectrochemical performance. Furthermore, under Xe-lamp illumination, the current density of WS 2 QDs (pink curve) was further increased. Under the same potential (−0.5 V Vs. Ag/AgCl), the current density of the WS 2 QDs under illumination was almost two times higher than that of the pristine WS 2 . These benefits suggest good photocatalytic activities of WS 2 QDs. 
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Synthesis
Tungsten hexachloride (WCl 6 ), thioacetamide (TAA) and (3-Mercaptopropyl) trimethoxysilane were purchased from Aladdin Industrial Corporation. All chemicals used are of analytical grade and applied as received without further purification.
In a typical experiment, WCl 6 (0.8923 g) and 1.6904 g of thioacetamide (TAA) were slowly added to DI (de-ionized) water (30 mL), stirred at room temperature for 1 h. The solution was then transferred into a reaction kettle and maintained at 265 • C for 24 h. After cooling to room temperature, the products were centrifuged and washed several times with DI water, and then dried in vacuum at 60 • C. For further sulfuration, initial WS 2 products were dispersed and dipped in a fresh solution of 1/15 (v/v) (3-Mercaptopropyl) trimethoxysilane/dichloromethane at 4 • C for 24 h. Both products were annealed at 300 • C for 3 h under Ar atmosphere.
WS 2 QDs were prepared by a facile ultrasonication method. Then 10 mg WS 2 (sulfuration-treated WS 2 ) powder and 20 mL NMP were put into a 20 mL bottle and sonicated for 6 h in an ice bath to exfoliate the WS 2 powder using a sonicator (KQ-3200E, Kunshan Ultrasonic Instruments Co. Ltd., Jiangsu, China) with an output power of 150 W. The suspensions were centrifuged for 20 min at 7000 rpm to separate the centrifugate and extract the supernatant. The respective batches of supernatant were then centrifuged for 40 min at 12,000 rpm and the centrifugate was further separated. The corresponding batches of precipitates were then extracted, washed and dissolved in ethanol.
Characterization
Atomic force microscopy (AFM) images were taken by Cypher S microscopy (Oxford Instruments Plc., Oxford, UK). Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images were obtained using a JEOL model JEM2100 instrument (JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) analysis (PHI5000 Versaprobe, Ulvac-Phi Inc. Kanagawa, Japan) was used to determine the chemical composition of the products. Raman spectra were obtained on a Raman spectrometer (JY T64000, HORIBA Jobin Yvon Inc., Paris, France) excited by the 514.5 nm line of an Ar + laser under 100 mW. UV-absorption behavior of samples was tested using a UV-3600 spectrophotometer (Shimadzu Corp., Kyoto, Japan).
Measurement
Photocatalytic measurements were carried out with a computer-controlled potentiostat (CHI660D) in a standard three-electrode cell using Ag/AgCl electrode as the reference electrode and a platinum wire as the counter electrode. WS 2 samples (9 mg), acetylene carbon (1 mg), and 2% polyvinylidene fluoride (PVDF) N-methyl-pyrrolidone (NMP) solution (150 µL) were mixed. The slurry was then coated onto ITO (Indium tin oxide) conductive glass (1 cm × 1 cm) and dried to form a thin-film electrode, used as the working electrode. Linear sweep voltamperometry was performed in 0.5 M Na 2 SO 4 solution with a scan rate of 10 mV/s. A 500 W Xe lamp served as the light source in the photoelectrochemical measurements.
Conclusions
We used a facile sonication preparation of WS 2 quantum dots from hydrothermal synthesized WS 2 powders. A sulfuration process was applied to reduce defects and improve the electrical properties of WS 2 . Uniform WS 2 QDs with an average size of~3 nm exhibited unique optical and electrical properties. The abundant active edge sites of QDs led to good photocatalytic activity for hydrogen evolution. The current density of WS 2 QDs under illumination was raised almost two times higher than that of the pristine WS 2 . Our results may provide an effective approach to synthesize and modify TMDC QDs, and demonstrate the promising photocatalytic application of TMDC QD materials.
